ABSTRACT: Ecological indicators calculated from landings data have been extensively used to evaluate the effects of fishing on marine ecosystems. However, few studies have tested the possible effects of gear and spatial aggregation of landings data on different ecological indices over a long-term period. To do this, we applied the Marine Trophic Index (MTI) and Fishing in Balance (FiB) index to Greek landings data disaggregated by gear and area for the period between 1928 and 2010. Aggregated data showed an increase in MTI due to expansion of fisheries that was also confirmed in most of the disaggregated analysis conducted by fishing subareas and main gear types. On the other hand, disaggregated landings by gear and area provided additional insights: while aggregated landings showed no decline in MTI, disaggregated landings showed that 63% of cases indicated an increase in MTI while 11% showed a decline. When small pelagics and other species were excluded, these values changed to 42% and 24%, respectively. Thus, disaggregated data permitted the identification of ecologically meaningful critical situations with decreasing MTI, as has been observed in shallow enclosed gulfs in close proximity to large cities and/or for the main fishing grounds exploited for long periods by seiners (purse and beach). Moreover, disaggregating landings data by gear increased the ability of explaining observed trends, avoiding masking (averaging) effects and accounting for differential development and adaptability of different gear.
INTRODUCTION
Ecological indicators are considered a cornerstone for evaluating the state and trend of marine ecosystem health since they can summarize the effects of pressures on complex marine systems (Rice & Rochet 2005) . In this context, indicators based on fisherydependent data, such as landings, despite having intrinsic limitations for specific evaluations, have the advantage of being based on widely available data thus avoiding the costs of ad-hoc surveys and monitoring (Pauly 2013) . Analysis of landings data, for instance, has permitted community evaluations (e.g. Caddy 2000 , de Leiva Moreno et al. 2000 , Pinnegar et al. 2003 extending far back in time (e.g. Fortibuoni et al. 2010) . Assessments of ecological indicators are done using large scale units, such as large marine ecosystems (LME) or exclusive economic zones (EEZ) (Pauly et al. 1998 , Coll et al. 2010 . Nevertheless, the estimation of such indicators is affected by the aggregation of landing data, and in some cases the use of large spatial units can result in the masking of possible effects that are ecologically relevant at smaller spatial scales. In addition, the impact of estimating ecological indicators separately by gear type as opposed to estimates derived from aggregated total landings has never been tested formally. In this context, the disaggregation of fisheries landings by fishing area and fishing gear might help account for important local changes occurring over long periods, and will enable trends to be better identified in order to determine the mechanisms driving changes in food web dynamics due to alterations of fisheries practices.
The above-mentioned points are especially important for the Mediterranean (e.g. Demestre et al. 1997) , and for Greek waters in particular (Stergiou et al. 1997a) , where the multi-gear nature of the fisheries leads to homogenization of the historical evolution of landings. In addition, gear-specific differences in catchability and their different patterns of change through time can potentially mask the impact of fishing on marine resources when homogenized across gear types and areas. The spatial heterogeneity of Greek waters (e.g. topographic and bathymetric differences, existence of numerous small islands, extensive coastline) (Stergiou et al. 1997a ) might further increase the masking effect, because fishers have adapted their fishing practices by using different gear types.
Herein, we evaluated how sensitive the estimation of ecological indices is to disaggregation of data by fishing subarea and gear over a period of 80 yr. We used the recently reconstructed Greek fisheries landings per gear and area between 1928 (Moutopoulos & Stergiou 2012 . These time series include fisheries landings from all professional motor-vessels per subarea since the establishment of the national Greek fisheries statistics. The advantages of the re con structed time series (as opposed to the official ones) are (1) the length of the time series (a continuous record from 1928 to 2010), (2) better spatial coverage (16 fishing subareas throughout the Greek seas), (3) homogeneity of the taxonomic composition of landings, and (4) separation of landings by fishing gear and subarea for all professional fishing motor-vessels.
We applied 2 metrics on different levels of aggregation of the original landing dataset: the Marine Trophic Index of landings (MTI, sensu Pauly & Watson 2005) and the Fishing in Balance Index (FiB, Pauly et al. 2000) . The MTI is high when fisheries target high trophic level (TL) species, but when these species decline and fisheries shift to low TL species, the MTI declines. Thus, it has been considered an indicator of the 'Fishing Down the Food Web' process (Pauly et al. 1998) . Alternative fishing patterns have been proposed for explaining MTI changes, such as when low TL catches expand not for ecological reasons, but because of changes in fisheries targets ('fishing through', Essington et al. 2006) , which is also related to better profits (Sethi et al. 2010) . Moreover, when expansion of fisheries allows targeting more high predatory fishes, an increase in MTI is also observed ('fishing up', Branch et al. 2010 ). The FiB index was suggested to complement MTI trend analysis by accounting both the quantity of catches and their TL (Pauly et al. 2000) , and by disentangling whether or not the latter is attributable either to the deliberate choice of targeting low TL species or to the effect of geographical expansion of fisheries on the TL of the catch.
In Greek waters, changes in mean TL across years have previously been evaluated on gear-and/or areaaggregated landings (1) (Pilling et al. 2009 ), and (4) for the period 1982 to 2007 using the national landings . The present study is the first attempt to detect whether appropriate disaggregation of landings in terms of both area and gear will better enable trends in some ecological indices to be identified over an extended time period.
MATERIALS AND METHODS
We used the reconstructed Greek landings disaggregated by species (a total of 75 species, varying from 41 to 69 species by gear in each individual year), gear (i.e. trawls, purse-seines, beach-seines and other small-scale gear) and area (16 fishing subareas; Fig. 1 ) between 1928 and 2010 (Moutopoulos & Stergiou 2012, updated in Moutopoulos et al. in press) . Note that the period from 1940 to 1946 was not considered for the analyses due to extremely low landings during World War II and the ensuing Greek civil war (Serbetis 1949) .
The TL of the species was taken from published information (Stergiou & Karpouzi 2002) (1) FiB is calculated as follows (Pauly et al. 2000) : (2) where TE is the mean transfer efficiency of energy between trophic levels (assumed to be 10%; Pauly & Christensen 1995 , Libralato 2008 , Y k is the total landing for year k, and 1 refers to the first year in a time-series (in this case, 1928) used as a baseline.
The analysis was done both including and excluding the landings of (1) small-and medium-sized pelagics (i.e. Engraulis encrasicolus, Sardina pil chardus, Sardinella aurita, Spicara smaris and Sprattus sprattus) that are sensitive to bottom-up environmental factors (Cury et al. 2000) ; and (2) the 'other Osteichthyes' group reported in Moutopoulos & Stergiou (2012) , which aggregates a large number of species having wide ranges of trophic levels. The analysis with and without small-pelagics and 'other Osteichthyes' is hereafter referred to as analysis with and without SP-O.
To examine how sensitive the estimation of ecological indices is with respect to different levels of spatial aggregation per fishing gear, the analyses were carried out for (1) total landings (i.e. all gears and subareas combined), (2) landings per gear, (3) landings per fishing subarea, and (4) landings per gear and fishing subarea. A linear regression was fitted to the above species landings series with time and regressions, and slopes that were significantly (p < 0.05) different from 0 were identified. 
RESULTS
Analyses of trends for landings and indicators are reported separately for the 4 cases of landings disaggregation, and the results derived from the regression analyses are summarized in Tables 1 & 2 for landings including and excluding SP-O, respectively.
Aggregated landings
Total landings (i.e. all gears and subareas combined), FiB and MTI estimates exhibited a significant (p < 0.05) increase between 1928 and 2010 both for the landings with and without SP-O (Fig. 2a ,f,k, Tables 1 & 2 ; see column G and row A).
Landings disaggregated by gear
Between 1928 and 2010, landings for all gear types increased with time ( Fig 
Landings disaggregated per fishing area
The results of the trend analysis conducted on the landings aggregating all gear types and disaggregated by fishing areas (i.e. subareas S3 to S18) are shown in rows 'A' of Tables 1 & 2. Landings and FiB estimates depicted the same trends, both for the spatially aggregated and disaggregated total landings, whether with or without SP-O (rows 'A-W' and 'AFiB' in Tables 1 & 2, respectively). Conversely, MTI results for some subareas (4 and 5 out of 16 subareas for the landings with and without SP-O, respectively) exhibited different trends than those estimated from spatially aggregated landings. In particular, for the analysis with SP-O, MTI significantly (p < 0.05) declined in subarea S12, whereas no significant (p > 0.05) trend was found in subareas S10, S11 and S13 (row 'A-MTI' in Table 1 ). The MTI calculated for landings without SP-O showed a significant (p < 0.05) decreasing trend in subareas S8, S10, S11 and S12 (row 'A-MTI' in Table 2 ). Table 1 . 'Traffic light' table summarizing trends for indicators estimated from Greek total fisheries landings (i.e. all species combined) over the entire time series analysed (1928 to 2010). Results are reported for all gears combined, by gear, for all areas combined (G) and by area. Indicators include landing weight (W), Marine Trophic Index of landings (MTI) and Fishing in Balance Index (FiB). Green, red and yellow arrows indicated significant increasing, decreasing and no significant trends, respectively. The absence of trawl estimates in subarea S11 is due to the permanent ban on trawling in that area since 1967 
Landings disaggregated per gear and fishing subarea
Trend analyses conducted on landings per gear type and fishing subarea between 1928 and 2010 are shown in Tables 1 & 2 for landings with and without SP-O, respectively (rows B to E). The tables summarize the results of the analysis of 382 time series between 1928 and 2010: 16 subareas × 4 gear types × 3 parameters × 2 for the landings with/without SP-O, apart from subarea S11 for traw lers. The results showed that trends identified at any higher level of aggregation are not always confirmed when disaggregating landings per gear and fishing subarea. In particular, excluding non-significant trends, the trends on landings and FiB identified for trawls and other small-scale vessels at a national level are confirmed in all subareas. For MTI, al though 63% of gear−area cases were increasing, 11% were declining; and when SP-O were excluded these values changed to 42% and 24% of the cases, respectively. In particular, positive trends on MTI for the above gears at a national level are not confirmed for subareas S11 and S12 (decreasing trends for small-scale vessels) or for S9 (non-significant trend for trawls) (Table 1) . Similarly, for the analysis performed on landings with SP-O, the positive trend of MTI for trawls and other small-scale vessels on a national basis was not confirmed for subarea S9 (no significant MTI trend for trawls) or for subareas S10, S11, S12 and S13 (significant [p < 0.05] decreasing MTI trend for other small scale vessels) ( Table 2) . Purseand beach-seiners, however, showed several contrasting trends between aggregated and disaggregated landings (by gear and subarea). For instance, when including SP-O landings (Table 1) significant (p < 0.05) declining trends in MTI were found for subareas S8, S10, S11, S12 and S13 for purse-seiners and for subarea S12 for beach-seiners. Moreover, significant (p < 0.05) de cli ning trends were also found for beach-seine landings in subarea S9 and for FiB in subareas S9 and S15. Analyses performed without SP-O (Table 2) for purse-and beach-seiners showed contrasting trends between aggregated and disaggregated landings only for MTI in subareas S9, S17, S7, S16 (purse-seines) and S17, S14 and S16 (beachseines). Fig. 3 shows the time series of landings for subareas S8, S10, S11, S12 and S13 that showed declining MTI and make up the main part of the Greek landings (ap pro xi mately 70% of the total landings). All gears combined 1938 1948 1958 1968 1978 1988 1998 2008 1928 1938 1948 1958 1968 1978 1988 1998 2008 1928 1938 1948 1958 1968 1978 1988 1998 2008 1928 1938 1948 1958 1968 1978 1988 1998 2008 MTI FiB Landings (in 10 3 t) (3) the spatial variability of species-specific TL (i.e. a mean value per species was used here; see Appendix 1). Yet they are useful for the estimation of ecological indices for measuring community-wide changes and assessing the state of the marine ecosystem , Fortibuoni et al. 2010 .
Aggregated Greek landings data showed an increase in landings, MTI and FiB; thus indicating a 'fishing-up' the food web process (sensu Litzow & Urban 2009 ). However, disaggregated landings by subarea, although confirming the fishing-up process for many Greek subareas (63% and 42% of gear− area combinations when analyzing data with and without SP-O, respectively), highlight a decrease in MTI over time in some subareas (11% and 24% of gear−area combinations when analyzing data with and without SP-O, respectively); i.e. subarea S12 when analysing data with SP-O (Table 1) and subareas S8, S10, S11, S12 and S13 when analysing data without SP-O (Table 2) . Local fishing-down cases were unnoticed when analysing aggregated data. The subareas in which MTI declined are either enclosed gulfs in close proximity to large cities (i.e. subareas S10, S11, S13) and/or are the main fishing grounds (extended continental shelves, smooth muddy/ sandy bottoms; i.e. subareas S8, S12 and S13) (Stergiou et al. 1997a ) where exploitation was historically more intense than in the remaining fishing subareas. The first signs of overexploitation in areas in close proximity to large cities (i.e. subareas S10 and S13) were identified in the early 1950s (Ananiadis 1970 , Moutopoulos & Stergiou 2011 , thus supporting the results obtained here with disaggregated data by area (see also Fig. 3) .
Most of the species targeted by the different Greek fisheries are not highly migratory, but develop their biological cycle within a spatial scale of the order of hundreds of kilometers (i.e. 66 out of 75 total recorded species; Appendix 1); thus, results based on landings disaggregated by subarea are ecologically meaningful. Moreover, given the large distances and the relatively small degree of ecological connections between some Greek subareas (Ionian vs. North and South Aegean and Levantine subareas, Fig. 1 ; for a review see Stergiou et al. 1997a) , the analysis of aggregated data has limited ecological sense and is prone to masking effects. In fact, ecological connections (e.g. trophic or reproductive migrations) may link distant areas only for large pelagics, while for other groups (more consistent in the landings) may have a shorter range of ecological effects.
Different fishing subareas reflect distinct units in terms of species assemblages and populations (Labro poulou 2007), and the compensation and dilution of the effects for larger areas (i.e. analysis of total Greek landings) is not ecologically meaningful. Yet, subareas are not closed systems and a certain degree of ecological exchange occurs, especially for contiguous subareas such as the Ionian subareas (i.e. S3 to S6). Ecosystem assessments through ecological indicators, therefore, need to be carried out at the proper ecological spatial unit. Analysis of landing data by homogeneous subareas in terms of oceanography, ecology and fisheries is therefore recommended both for detection of fisheries effects and for providing management advice (Stergiou & Pollard 1994) .
Landings disaggregated by subarea and gear showed increasing MTI trends in several subareas, mostly in southern Greek waters (e.g. subareas S16 and S17) for analyses performed with and without SP-O (Tables 1 & 2) . In accordance with the fact that economics drives patterns in fisheries development (Sethi et al. 2010) , the increasing trends in landingsbased indicators are in agreement with the temporal intensification and spatial expansion of the Greek fisheries, as observed for all fishing gears and in most subareas (Tables 1 & 2) . This was triggered by the modernization of the Greek fisheries through the establishment of European funds oriented to the fisheries sector that resulted in the spatial expansion of operational activities from 200 m to more than 400 m (Anonymous 2001) , and increase in operational time spent at sea from 150 to 170 fishing days in 1938 (Moutopoulos & Stergiou 2011) to about 240 fishing days in the late 1990s (Anonymous 2001) . Such expansions are captured by the FiB index, which is generally increasing (Fig. 2, Tables 1 & 2) . Moreover, the expansion of the fisheries can explain the important increase in some target species groups in the landings, such as the proportion of large pelagics (for small-scale fisheries) and large demersals (both for trawls and small-scale fisheries) (Fig. 4) that probably resulted from the increased capabilities of Greek fleets to exploit the open seas and great depths.
More cases with declining or not significantly changing MTI were observed for purse-and beachseiners (Tables 1 & 2) than for trawlers and other small-scale vessels, a fact related to gear characteristics. In fact, purse-and beach-seiners (1) are generally species-specific (i.e. more than 75% of purseand beach-seine landings are derived from 5 and 6 species, respectively, in each of the 16 subareas; Mou topoulos & Stergiou 2012), targeting small-and medium-sized pelagic fish species with lower and narrow TL ranges (from 3.42 to 3.65 ; Fig. 4) ; (2) exploit specific habitats (i.e. purse-seines: pelagic zone; beach-seines: shallow, inshore areas and enclosed gulfs at depths <100 m); and (3) have generally been less modernized through time when compared to trawlers (e.g. since 1980 beach-seines have been ex cluded from all beneficial European Union projects; Papaconstantinou & Farrugio 2000) .
On the other hand, trawlers and other small-scale vessels are characterized by a large number of target species (more than 10 species in 10 subareas, and more than 15 species in 13 subareas contributed more than 75% of the trawl and other small-scale vessel landings, respectively) and/or continuous fleet modernization. In particular, trawls and small-scale vessels generally target a large number of demersal and benthopelagic species with a wide range of trophic levels (from 3 to 4; Fig. 4 ). Trawling is generally considered a high impact fishing activity, being flexible enough, through technological improvements, to expand both horizontally and vertically in new areas (Anonymous 2001) . Moreover, in the Me diterranean Sea, trawlers have low species selectivity (Stergiou et al. 1996 (Stergiou et al. , 1997b and are highly flexible with respect to the exploitation of different habitats (Anonymous 2001) , with their catch data being characterized by seasonal and annual changes in species compositions (Pranovi et al. 2000) and/or exploitation of new species of commercial interest (Libralato et al. 2004 ). The same is also true for the other small-scale vessels which use a large number of different gear types and gear sizes (i.e. gill and trammel nets of different mesh sizes, longlines of different hook sizes) to target a large number of species (Tzanatos et al. 2005) 1928-1949 1950-1969 1970-1989 1990-2010 a wide spectrum of TLs (Stergiou et al. 2007 ). For instance, gears employed in other small-scale vessels target the high TL species (i.e. Polyprion americanus; Appendix 1) and/or the large mature individuals inhabiting deep waters that were previously inaccessible to fisheries (e.g. Merluccius merluccius; Anonymous 2001). Therefore, trawl and other small-scale fisheries can adapt better to the topographic heterogeneity of the Greek Seas (Stergiou et al. 1997a ) and to ecosystem changes (i.e. species composition) than beach-and purse-seiners, and this can explain the dominance of the increase in landings, FiB and MTI for these fisheries in most of the subareas. The decline of MTI for the landings without SP-O for small-scale vessels, purse-and beach-seiners in subareas S10, S11, S12 and S13 deserves special attention. These gear types showed different targets and socio-economic drivers (although interrelated) when compared to trawls, for which the positive MTI trends exhibited in the above subareas might be influenced by the restriction measures issued (i.e. trawl banning during the whole year, 9 mo and 8 mo for S11, S13 and S10, respectively). Thus, it is unlikely that the MTI decline might be attributed to market-driven changes. Rather, there seems to be an ecological pattern occurring in the area and emerging in the landings (i.e. in these subareas, fishing down the food web is occurring). This conclusion can be extended (with caution) to subarea S8, where only purse-seiners and beach-seiners have declining MTI.
Nevertheless, given the above arguments on gear selectivity and flexibility, purse-and beach-seiners are less adaptive to changes in the fish community: the possibility that they can be regarded as sensitive gears, able to provide early signals of overfishing, might be further analysed.
In general, disaggregation of landings revealed declines of MTI and possible fishing-down food web effects that were previously masked at aggregated levels. Notably, there were very few cases in which negative trends at the aggregated level resulted in positive trends for disaggregated landings. This happened only for purse-and beach-seiners for the landings without SP-O (Table 2) , which showed negative MTI trends for aggregated landings but positive MTI trends for disaggregated landings in subareas S9, S17, S7, S16 (purse-seines) and S17, S14 and S16 (beach-seines). This is in line with a possible geographical expansion of the fisheries and 'fishing-up' occurring in these subareas.
Overall, the disaggregation of landings by gear and subarea help in examinig common patterns that can be critical and that can be studied in more detail.
Likewise, the massive exploitation of the Manila clam Tapes philippinarum with mechanical dredges in Venice Lagoon during the mid-1990s could have been regarded as fishing-through (sensu Essington et al. 2006) , when in fact it was fishing-down when landings were analysed by gear (see Fig. 2 in Libralato et al. 2004) .
CONCLUSIONS
A first step towards identifying the state of the marine ecosystem is to determine key indicators that respond to fishing pressure ). The present study tests the possible effects of spatial and gear aggregation of the Greek reconstructed fisheries landings data over a long period on different ecological indices. The results of the analysis of disaggregated landings by fishing gear and/or subarea showed considerable differences in the insights regarding the trophic structure of the Greek Seas. In particular, some possibly critical issues (e.g. fishingdown processes) were unnoticed when aggregated data were used, while changes that are meaningful in ecological terms emerged when the analysis was carried out by gear and subarea. 
